In dividing eukaryotic cells, nucleoli disperse before mitosis and reform in daughter cells at sites of ribosomal RNA (rRNA) gene clusters that are at the secondary constrictions of chromosomes, called nucleolus organizer regions (NORs). In this study, cDNA clones for a NOR autoantigen (NOR-90) were selected using a specific human autoantibody probe and were subsequently identified to encode an alternative form of the reported human upstream binding factor (hUBF). Results from immunoprecipitation showed that anti-NOR-90 antibodies recognized both forms of hUBF/NOR-90. Our data therefore showed that UBF, a critical factor in the regulation of rRNA transcription, was tightly bound to NOR during mitosis even when rRNA synthesis was thought to be minimal. Furthermore, we identified a nucleolar transcription factor as a novel target for human autoimmune response.
used for immunoscreening of 106 recombinants of a MOLT-4 Xgt11 cDNA library (16) . Two clones, J1 and J3, were selected and cDNAs were subcloned into the EcoRI site of pBluescript SK-(Stratagene, La Jolla, CA). A HepG2 cell ~Eap cDNA library (gift from Dr. Frank R. Jirik, University of British Columbia) was screened for full-length NOR-90 cDNA clones by DNA hybridization using two overlapping complementary synthetic oligonucleotides (5'-TGGCCCGATTCAGGGAGGATCACCCC-GACC-3' and 5'-TGGCATTCTGGATTAGGTCGGGGTGAT-CCT-Y) designed from the 5' sequence of the J3 cDNA. These primers were mixed and labeled with [32p]ATP using the standard fill-in reaction of Klenow polymerase (17) . Clones NOR2 and NOR5 were selected and subcloned in vivo into pBluescript plasmid using R408 helper phage (Stratagene), as recommended in the manufacturer's instructions. Plasmids were purified and DNA sequences in both strands were determined (18, 19) . DNA and protein sequences were analyzed by the Genetics Computer Group Sequence Analysis Software Package for VAX computers (20) . Alignment of protein sequences was initially achieved with the GAP program that used the algorithm of Needleman and Wunsch (21) . Multiple sequence alignments were performed with CLUSTAL programs (22, 23) .
ImmunofrecipitationofRecombinantandCellularProducts.
Plasmid clone NOR5 and a hUBF cDNA plasmid pTj~GUBF1, which was kindly provided by Drs. H.-M. Jantzen and R. Tjian (24) , were used as DNA templates. RNA was transcribed in vitro from linearized plasmids using T3 or T7 RNA polymerase and was translated in vitro in a rabbit reticulocyte lysate (Promega Biotec, Madison, WI) in the presence of [3SS]methionine (Tran3SS-label; ICN Biochemicals), as described in the manufacturer's instructions. These labeled in vitro products were used as substrates in an immunoprecipitation assay (13) . HeLa ceils were cultured as monolayers and labeled with [sSS]methionine as described (13) . Labeled HeLa cells were harvested by lysis in buffer A (150 mM NaC1, 10 mM Tris-HC1, pH 7.5, 0.5% NP-40) on ice and centrifuged at 10,000 g for 10 min. The nuclear pellet was sonicated in 0.1% SDS, 0.5% NP-40, 0.1% deoxycholic acid, 50 mM Tris-HC1, pH 7.5, by three 10-s bursts. The resuhing nuclear supernatant was used as substrate in immunoprecipitation assay and analyzed by SDS-PAGE using a 10% separating gel (13) . 
Results and Discussion
The anti-NOR-90 sera used in this study gave strong N O R immunofluorescence in dividing HEp-2 cells, and, in interphasic nucleoli, discrete speckles were seen resembling nucleolar fibrillar centers that are active in r D N A transcription (Fig. 1 a) . The immunofluorescence staining of N O R s could be particularly well demonstrated in male Indian muntjac cells that have a diploid chromosome number of 7 (25) with two N O R s located on the X and Y1 chromosomes (Fig. 1 b) . spreads were stained by affinity-purified antibody to the recombinant protein derived from the NOR5 clone. (e) HEp-2 cells showing discrete speckles in interphase nucleoli were stained with affinity-purified antibodies to the recombinant fusion protein encoded by the kJ3 clone (x 160). The location of NORs was confirmed by silver staining (Fig.  1 c) . Fig. 2 shows the immunoblotting analysis of human NOR-90 sera. All NOR-90 sera showed common reactivity to two bands in the 90-kD region and to other bands at 58 and 62 kD. This separation of NOR-90 into a doublet is apparent ( Fig. 2 ; reference 26), although this was not clearly resolved in the earlier report (9) . The 58-and 62-kD species were probably degradation products of the 90-kD proteins since they were also recognized by affinity-purified antibodies (see below). Furthermore, the relative intensity of reactivity within these bands was constant over a 250-fold dilution range of serum. Autoantibody titers were generally very high; NOR-90 bands were detectable with 1:25,000 dilution of serum JO. The four human anti-NOR-90 sera did not have other detectable autoantibody speciificities, except serum ST, which had autoantibodies to the 52-kD SS-A/Ro protein autoantigen (12) (Fig. 2, lanes i and 7) . Serum ST was used to screen a MOLT-4 cell Xgt11 library, and two cDNA clones, XJ1 (2 kb) and hJ3 (2.3 kb), were isolated. To show that these clones encoded the NOR-90 pro-teins, antibodies were affinity purified from serum ST using recombinant plaques bound on nitrocellulose. Affinity-purified antibodies to ~,J1 or XJ3 plaques reacted with NORs ( Fig.  1 d) and demonstrated expected patterns of speckled staining in interphasic nucleoli (Fig. 1 e) . The same affinity-purified antibody was specific for NOR-90 proteins in immunoblotting (Fig. 2, lane 6) . The nucleotide sequences of J1 and J3 were identical, except at the Y-untranslated (3'UT) regions (Fig. 3) .
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Northern blot analysis of cellular mRNA showed that J1 and J3 cDNA inserts detected a major band at "~3 kb and a minor band of higher M,, and were therefore too small to encode the complete mRNA. Two clones, NOR5 (2.5 kb) and NOR2 (1.2 kb), were further selected from a HepG2 cell cDNA library using 5' oligonudeotide probes from J3 cDNA. Although the 3' UT region was mostly absent in clone NOR5 (Fig. 3) , sequence analysis of NOR5 cDNA showed an open reading frame spanning 727 amino acids, and the predicted protein had a pI of 5.3 (20) and a molecular mass of 84,842 dahons. In vitro transcription and translation . Lane 2, immunoprecipitation of 3SS-labeled HeLa cell extracts with serum JO. Lanes 3 and 4, 3sS-labeled in vitro translation products derived from NOR.5 eDNA before and after immunoprecipitation with serum JO, respectively. Lanes 5 and 6, 3SS-labeled in vitro translation products derived from hUBF cDNA plasmid pTBGUBF1 before and after immunoprecipitation with serum JO. Lanes 7, 8, and 9, the immunoprecipitation of an equal mixture of the labeled in vitro translation products of hUBF and NOR5 using serum JO, affinity-purified antibody from XJ3 plaques, and a normal human serum, respectively.
of NOR5 cDNA yielded a 90-kD protein recognized by all anti-NOR-90 sera (Fig. 4 A) .
Homology search in the GenBank/NBRF database showed that the NOR protein sequence was identical with that of rRNA transcription factor hUBF (24) , with the exception that the published hUBF sequence had an additional 37-amino acid insert (Fig. 3) . Since rRNA accounts for '~80% of total cellular RNA, the genes for this important kNA species have been studied extensively (for review see reference 27). Efficient rRNA transcription requires the presence of RNA polymerase I complex and at least two auxiliary factors, SL1 and UBF (28) . hUBF is known to bind to an upstream control element (-200 to -107) and a core element (-45 to 20) of rlLNA genes (29, 30) . Footprinting data suggest that hSL1 and hUBF form a protein-protein complex that interacts with a critical region of the upstream regulatory sequence (31) . The formation of the hSLI-hUBF complex is essential for the activation of rRNA transcription, and the upstream control element is known to enhance the transcriptional activity of RNA polymerase I by 10-100-fold (24) .
Purified cellular hUBF was reported to consist of two polypeptides of 94 and 97 kD (31) . Direct comparison of the in vitro transcription and translation products of NOR-90 and hUBF cDNAs (24) showed that the product of NOR5 comigrated with the lower band of the NOR-90 doublet while the product of hUBF had the same gel mobility as the upper band of the NOIL-90 doublet (Fig. 4 B) . The recombinant hUBF protein was also immunoprecipitated by the NOR-90 human autoantibodies. Further proof that NOR-90 and hUBF are identical was provided by affinity-purified antibodies from XJ3 plaques, which recognized both proteins (Fig. 4 B, lane 8) .
Southern blot analysis of human PBL genomic DNA sug-gested only one gene for NOR-90 cDNA (data not shown and reference 24) . Therefore, we propose that the two proteins are derived from a common precursor hUBF mRNA via alternative splicing (Fig. 5 a) . The analysis of hUBF protein sequence revealed motifs (HMG box) that were similar to the high mobility group (HMG-1) nonhistone chromosomal proteins (24) . When UBF was used as the prototype HMG box protein, several interesting members of this DNA binding protein family were described (see reference 32). Our sequence alignment analysis showed that there were six HMG boxes in the high Mr form of hUBF, while in the low Mr form, the central 37 amino acid residues of the second HMG box (II) were absent (Fig. 5 b) . Comparison of the six HMG boxes showed that HMG boxes I, II, and III had the highest degree of similarity to boxes IV, V, and VI, respectively (Fig. 5 c) .
In the earlier study (24) , boxes V and VI were not described but they actually have higher percent identity values (26.6% and 27.1%) to human HMG protein than boxes II and III (21.2% and 21.7%; Fig. 5 c) . A recent report in the Xenopus UBF sequence also suggested that there were two extra unreported HMG boxes (V and VI) in the hUBF sequence (33) . Since Jantzen et al. (24) showed that the recombinant fragment containing residues 1-204, including HMG box I, was as efficient in DNA binding as the full-length hUBF molecule, the alternative form described here might be expected to recognize and bind to the UBF recognition sequence efficiently. Jantzen et al. (34) reported a single HeLa cDNA that included HMG box II, while we obtained from two cDNA libraries four independent cDNA clones all lacking the 37-residue sequence. The two forms of UBF have been detected in several species, including rat and frog (34, 35) . The NOR-90 doublet was also detected in approximately equal intensities in HeLa, MOLT-4, and rat Novikoff hepatoma whole cell extracts by immunoblotting (data not shown). Our cloning of the low Mr hUBF form was in complete agreement with a recent report by O'Mahony and Rothblum (36) , who described a similar 37-amino acid in-frame deletion in the low Me form of rat UBF.
Secondary constrictions are normally identified as achromatic regions on prophase or metaphase chromosomes that are stained with dyes such as Giemsa. However, electron microscopic examination of achromatic regions shows no real constriction of the chromosome since the measured widths are the same at the secondary constrictions and other regions of chromosome arms (37, 38) . Therefore, the metaphase NOR, although described as a secondary constriction, may actually not be a tightly condensed region of chromosomes (37, 38) . The immunolocalization of RNA polymerase I (5) and hUBF to NORs during mitosis suggests that these crucial proteins are probably never completely disengaged from rDNA even when rRNA synthesis is minimal.
Human serum autoantibodies from patients with systemic autoimmune diseases have been invaluable research tools for many studies in cellular and molecular biology (39) . Although the mechanism for the production of these autoantibodies is still unclear, the striking feature is that these antibodies inhibit the functions of their respective target antigens in most functional assays (39) . Therefore, our description of antibody to a RNA polymerase I transcription factor may provide new tools for the functional study ofrDNA gene regulation. The definition of NOR-90 antigen as an accessory factor in RNA polymerase I transcription also adds to our understanding of the molecular structure and function of autoantigens.
